Cost-effectiveness analysis aims to identify treatments and policies that maximize benefits subject to resource constraints. However, the conventional process of identifying the efficient frontier (i.e., the set of potentially cost-effective options) can be algorithmically inefficient, especially when considering a policy problem with many alternative options or when performing an extensive suite of sensitivity analyses for which the efficient frontier must be found for each. Here, we describe an alternative one-pass algorithm that is conceptually simple, easier to implement, and potentially faster for situations that challenge the conventional approach. Our algorithm accomplishes this by exploiting the relationship between the net monetary benefit and the cost-effectiveness plane. To facilitate further evaluation and use of this approach, we also provide scripts in R and Matlab that implement our method and can be used to identify efficient frontiers for any decision problem.
T he main result of all cost-effectiveness analyses is the efficient frontier-the set of potentially cost-effective strategies that dominate all other strategies directly or via extended dominance. 1 The optimal decision is to choose the strategy with the highest incremental cost-effectiveness ratio (ICER) that falls at or below the threshold willingness to pay (WTP) for additional units of benefit, generally expressed as quality-adjusted life years (QALYs) in the health policy context. 1 We illustrate an example cost-effectiveness plane in Figure 1 , for which strategies i, j, and k lie on the efficient frontier and strategies m, n, and p are dominated. While, on expectation, strategies that are off the efficient frontier should not be considered for implementation, they may still be of interest for implementation if, in subgroup analyses, they join the efficient frontier (e.g., the analysis identifies a subpopulation or specific situation in which the strategy would be preferred).
Traditionally, methods for identifying strategies on the efficient frontier can be complicated, requiring an iterative process. The basic algorithm involves the ordering of strategies in terms of ascending cost, eliminating strategies that cost more but provide less benefits than an alternative, computing pairwise ICERs, and then iteratively discarding strategies identified as dominated via extended dominance (i.e., ICER higher than that of the following strategy) until no more strategies can be eliminated. Iteration is required to distinguish those strategies that are dominated via extended dominance since once such a strategy is eliminated, the ICER for the strategy previously compared to it must be recalculated, potentially resulting in the identification of another strategy dominated via extended dominance. This process can be slow in analyses considering large numbers of strategies 2 or in cases when many efficient frontiers must be computed (i.e., for analyses requiring extensive sensitivity analyses). Furthermore, it is more difficult to code de novo and hence potentially more error prone for models implemented in software packages without built-in efficient frontier calculators (e.g., R, Matlab, Excel).
Here, we propose a simple, one-pass alternative to the iterative process of identifying the efficient frontier using the net monetary benefit (NMB), defined as a strategy's benefits, converted to monetary units for a given WTP, minus its costs. Although the relationship between the NMB and the ICER is well known, 3,4 the use of this relationship to identify the efficient frontier has not been previously published in reporting deterministic results of a cost-effectiveness analysis.
In the proof below, we show that all strategies on the efficient frontier must have the largest NMB for some positive WTP and that strategies that are not on the frontier do not. We illustrate strategies that maximize NMB on an NMB v. WTP plot for a hypothetical study in Figure 2 . This means that identifying strategies that maximize the NMB for all WTP levels uniquely identifies the frontier.
Our approach requires few lines of code to implement. For example, we use one line and employ Matlab's ''max'' function, which gives the value and index of the maximum of each column in a matrix:
[NMB_values, CE_frontier_strategies] = max(health_benefits_vector*WTPvector' -costs_vector)
where health_benefits_vector and costs_ vector are the total discounted health benefits (measured in QALYs) and costs for each strategy, and WTP_vector is a vector of positive WTP levels; all are column vectors. The WTP vector need only include values relevant to the policy maker (i.e., below a certain threshold). This implementation would calculate the NMB of all the policies at all specified WTP levels, identifying the strategy maximizing NMB at each level. Smaller intervals between the WTP levels reduce the possibility of not capturing a strategy that is only cost-effective over a narrow WTP range; one can ensure that no strategies will be missed if the WTP levels include all pairwise ICERs (see proof).
PROOF
We define what it means to be on the cost-effective frontier in the first section, show frontier strategies Figure 1 Example cost-effectiveness plane. Strategies are plotted by cost and benefit (strategy i has cost C i and benefit Q i ) on a costeffectiveness plane. In this example, strategies i, j, and k lie on the cost-effective frontier (represented by the solid line), and strategy n is strictly dominated (requires higher costs and less benefit than strategy k) while strategy m and p are dominated by extended dominance.
Regions where NMB Maximized by Strategy
NMB for strategy 1 NMB for strategy 2 NMB for strategy 3 NMB for strategy 4
Willingness-to-Pay (WTP) Net Monetary Benefit (NMB) a b Figure 2 Hypothetical net monetary benefit (NMB) v. willingnessto-pay (WTP) plot for 4 strategies. Strategy 2 maximizes NMB for WTP levels between 0 and a, strategy 3 between a and b, and strategy 1 for WTP levels above b. Strategies 1, 2, and 3 are on the costeffective frontier, and strategy 4 is dominated. Since only a discrete set of WTP levels is considered with our method, finding the strategy that maximizes NMB at all intersections of NMB lines (equivalent to WTP levels at the pairwise incremental cost-effectiveness ratios) will ensure that we capture all and only those strategies on the frontier. (Not testing a WTP level between a and b would result in the omission of strategy 3, for example.) Note that the magnitude of the y-intercepts of each line represents that strategy's costs, the x-intercept the average effectiveness ratio (cost/benefits), and the slope equal to the benefits.
will maximize the NMB for some positive WTP level in the second section, and then show nonfrontier strategies will never maximize the NMB for positive WTP levels in the third section. Together, sections 2 and 3 imply that identifying all strategies that maximize the NMB for positive WTP levels will identify only and all frontier strategies.
Definition of the Cost-Effective Frontier
First we define what it means for a strategy to be on the frontier. Let C i be the total discounted cost and Q i the total discounted health benefits to strategy i. Let strategy k lie between strategy i and j (Figure 3) :
For strategy k to be on the efficient frontier in the costeffectiveness plane, it must lie below the line between strategy i and j:
where a is defined as
This corresponds to the ratio b c in Figure 3 .
Frontier Strategies Will Have the Highest NMB for Some Positive WTP Level
To show that a strategy k on the frontier will have the highest NMB for some positive WTP level, we want to show NMB k ! NMB~k, where~k denotes non-k strategies. Using the definition of NMB with a WTP of l, we require
and if Q k = Q~k, then we want C k C~k, which is true if strategy k is on the frontier. In relation to the strategies i and j introduced in the definition of the frontier, we are therefore trying to find a l that satisfies:
Or, equivalently, ICER ki l ICER kj , where ICER ki is the incremental cost-effectiveness ratio between strategies k and i. That is, l must be larger than the slope from i to k and smaller than the slope from k to j on the plot of the strategies on the cost-effectiveness plane. We will show this follows from the definition of being on the frontier. We first rearrange equations (3) and (4):
then divide (3a) by (4a), which is positive, to find the slope from i to k is smaller than the slope from i to j: Schematic of strategies as referred to in the proof. Costeffectiveness plane with strategies i, j, and k. The incremental costeffectiveness ratios (ICERs) are equivalent to the slopes; graphically, it is clear that a value between ICER ik and ICER kj must exist (and one such value is ICER ij , the slope between i and j). The ratio of distance b to distance c is the proportion a.
or ICER ik ICER ij . Next, dividing (3b) by (4b) and multiplying both sides by negative 1 to change the sign, we see the slope from k to j is larger than the slope from i to j:
which means ICER jk ICER ij . Using (8) and (9) and setting l = ðC j ÀC i Þ ðQ j ÀQ i Þ = ICER ij = the slope between i and j, we get
or that l lies between ICER jk and ICER ik . This means that strategy k has the largest NMB for a WTP level equal to the ICER between the strategies to either side of it. Therefore, by considering WTP levels equal to all positive pairwise ICERs-to ensure that ICERs for all possible i and j have been tested-along with 0 and the maximum WTP relevant for a given policy analysis, one is guaranteed to identify all desired strategies on the frontier.
Nonfrontier Strategies Will Never Have the Highest NMB for Any Positive WTP Level
Next we prove that dominated strategies (both strict and extended dominance) will never have the highest NMB for any positive WTP level to show that we will not mistakenly identify strategies not on the frontier. For a strategy k, sitting between strategy i and j, to not be on the frontier, it must lie above the line between strategies i and j:
where a is defined as before. Rearranging (3#), we have
Equations (4a) and (4b) still hold, implying
Hence, no l exists such that ICER ki l ICER kj . Therefore, strategies that are strictly dominated or dominated by extended dominance will never have the highest NMB for any positive WTP level.
Until this point, the proof omits the lowest cost and lowest QALY strategy and highest QALY strategy. However, the lowest QALY, lowest cost strategy will be correctly identified as being on the frontier for a WTP level of zero, since maximizing the NMB with a WTP of zero is equivalent to finding the lowest cost strategy. This method will therefore also work for a cost-saving strategy, as that might be considered a special case of the lowest cost strategy. The strategy providing the highest number of QALYs is always on the efficient frontier and will be identified for a WTP of infinity, since maximizing the NMB with a WTP of infinity is equivalent to finding the highest QALY strategy.
The implication of the proof is that finding all the strategies that maximize NMB at WTP levels defined by all pairwise ICERs identifies all and only those strategies that are on the efficient frontier, and limiting the maximum WTP levels to those below the decision maker's WTP level identifies the set of strategies on the efficient frontier that provide enough benefit to justify their cost.
The algorithm we developed can be directly used to identify the efficient frontiers for deterministic sensitivity analyses and complements existing approaches for conducting probabilistic analyses. 3 By employing concepts common to probabilistic sensitivity analyses in terms of a net benefit framework with NMB and WTP, we hope its use will facilitate readers' overall understanding by making the reporting of results from deterministic and probabilistic analyses more consistent. While other algorithms in the same order of operation can be used to identify the cost-effective frontier (since this is equivalent to finding a section of the convex hull on the cost-effectiveness plane, variations on Graham's algorithm, 5 Chan's algorithm, 6 etc. may be used), one benefit of choosing to use this algorithm may be reader understanding and its use of the net benefit framework, which is commonly used in the medical decisionmaking literature.
To facilitate further evaluation and use, we provide Open Source R and Matlab code that identifies strategies on the frontier for a .csv file of costs and benefits. Users may specify a maximum WTP threshold to exclude strategies that cost more per benefit gained than desired. The code generates a costeffectiveness plane with efficient strategies highlighted and displays the strategies on the efficient frontier.
